INTRODUCTION
Recent evidence suggests that maternal nutrition before and during pregnancy may lead to permanent changes in the fetal genome and to long-lasting effects on the offspring phenotype. The fetus adapts to maternal under-or overnutrition by changing the concentration of fetal and placental hormones, which in turn affects its growth (Barker and Clark, 1997; Wu et al., 2004; Micke et al., 2011) . In Angus-cross beef cattle, Radunz et al. (2012) investigated the effect of maternal dietary energy source during pregnancy on growth and body composition. Calves from cows fed corn, a high-starch diet, had greater birth weights and heavier carcass weights than calves from cows fed hay, a low-starch diet. Moreover, marbling score and intramuscular fat content were greater in carcasses of calves from dams fed hay compared to those from dams fed corn (Radunz et al., 2012) . These results clearly indicate that maternal diet during late gestation affects postnatal growth and adipose deposition of the offspring. Little is known, however, about the mechanisms by which different energy sources during pregnancy alter gene expression in the offspring.
In a recent study in sheep, we found that the expression of imprinted genes and DNA methyltransferase (DNMT) genes in fetal tissues was significantly influenced by maternal hay or corn diet (Lan et al., 2013) . Significant differential expression was observed for the imprinted genes H19, MEG8, PEG1, DLK1, and IGF2R in longissimus dorsi and semitendinosus muscle tissues of fetuses from corn-fed or hay-fed dams. Moreover, DNA methylation analysis of the differentially methylated region 2 (DMR2) of ABSTRACT: Maternal diet during pregnancy is a major determinant of the fetal developmental competence and may induce long-lasting epigenetic changes to the offspring. Imprinted genes have important roles in fetal programming, growth, and development. There are, however, limited data available on the influence of maternal diet on the expression of imprinted genes in beef cattle. Therefore, the objective of this study was to analyze the impact of maternal diet during pregnancy on the expression of 5 imprinted genes and 3 DNA methyltransferase genes in longissimus dorsi muscle from Angus calves. A total of 36 Anguscross cows were inseminated to a single sire and on Day 135 of gestation they were randomly assigned to either low-starch (haylage) or high-starch (corn silage) diets. Diets were initially formulated to provide isocaloric and isonitrogenous intake. The H19, MEG8, IGF2R, and DNMT3a genes showed differential expression in longissimus dorsi muscle in calves between the diet groups. Given that high-starch diet is a source of energy for muscle growth and feed conversion efficiency in postnatal development, the mechanisms by which this diet affected expression of imprinted genes should be further explored.
IGF2R revealed substantial methylation level differences in longissimus dorsi of male and female fetuses from corn-fed mothers compared to hay-fed mothers. Given that maternal diet during late pregnancy affects postnatal growth traits of the offspring, we hypothesize that these effects could be mediated by altered expression of imprinted genes. Therefore, the objective of this study was to analyze the expression of 5 imprinted genes and the DNMT (DNMT1, DNAMT3a, and DNMT3b) in longissimus dorsi of calves from dams fed hay or corn during pregnancy.
MATERIALS AND METHODS

Ethics Statement
The College of Agriculture and Life Sciences Animal Care and Use Committee of the University of Wisconsin -Madison approved the procedures used in this study.
Experimental Design
Mature pregnant multiparous Angus-cross cows (n = 36) were used in a randomized complete design to evaluate the effect of maternal high-and low-starch dietary intake during late gestation on gene expression in male progeny muscle tissue. Cows were artificially inseminated by a common sire and diets were initiated on Day 135 of gestation. Cows were individually fed in Calan headgates (American Calan, Northwood, NH) at the University of Wisconsin Lancaster Agricultural Research Station (Lancaster, WI) and randomly assigned to 1 of 2 treatments: 1) low starch (LS; haylage) and 2) high starch (HS; corn silage). Diets were initially formulated to provide isocaloric and isonitrogenous intake. Isoenergic intake was maintained throughout gestation as cows were weighed every 21 d and intake was adjusted for cows fed HS to achieve similar BW gains as cows fed LS during the treatment period. Cows were removed from treatments on Day 271 of gestation and then fed haylage as 1 group until parturition. Within 24 to 48 h after parturition, muscle biopsies were performed on 11 calves from cows fed the HS diet and 8 calves from cows fed the LS diet. Muscle biopsies were obtained from the longissimus dorsi muscle caudal to the 13th rib. Samples were immediately placed in RNAlater (Qiagen Inc., Valencia, CA ), flash frozen in liquid nitrogen, and stored at -80°C until RNA extraction was performed.
Gene Selection and Expression Analysis
There is an increasing body of knowledge on the roles of imprinted genes in livestock production. For example, Imumorin et al. (2011) detected QTL with parent-of-origin effects on growth and carcass traits in the Angus × Brahman cattle crossbreed. Magee et al. (2010) reported that SNP in imprinted genes in cattle displayed associations with milk production, health, body condition, reproduction, carcass traits, and calf mortality. In a recent study in sheep (Lan et al., 2013) , we reported differential expression of the imprinted genes PEG1, DLK1, H19, IGF2R, and MEG8 in fetal tissues as a response to different maternal diets during pregnancy. Therefore, these genes were chosen for expression analysis in muscle tissue in beef cattle calves. In addition, previous studies have reported significant roles of these genes in muscle differentiation and fetal growth. Park et al. (2014) reported that supplementation of AA alters the expression patterns of PEG1 in parthenogenetic porcine blastocysts (Park et al., 2014) . Furthermore, Peg1-deficient females showed decreases size, abnormal maternal behavior, and impaired placentophagia (Lefebvre et al., 1998) . The authors concluded that Peg1 is a positive regulator of embryonic growth and development. Overexpression of DLK1 in skeletal muscle was associated with muscular hypertrophy in callipyge sheep (Davis et al., 2004) . Andersen et al. (2009 Andersen et al. ( , 2013 reported that DLK1 was highly induced during normal muscle development and regeneration in both human and mouse and suggested that the gene has dual biological functions as an enhancer of muscle development and an inhibitor of adult muscle regeneration. Knockout of H19 in mice resulted in overexpression of the growth factor IGF2, which in turn lead to overgrowth (Smith et al., 2006) . The IGF2R gene acts as a growth inhibitor by binding and internalizing IGF2 into the cell for lysosomal degradation (Brown et al., 2009) . MEG8 is a noncoding gene located in the DLK1-DIO3 imprinted cluster, which has functions in muscle growth and differentiation (Charlier et al., 2001) .
Total RNA was extracted from tissue samples (approximately 30 mg) using the RNeasy Mini kit (Qiagen Inc., Valencia, CA) and treated with RNaseFree DNase Set (Qiagen Inc.) to avoid genomic DNA amplification. A total of 1 μg RNA from each sample was used to synthesize cDNA using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) following the manufacturer's instructions. Primer sequences used to amplify exonic regions of H19, MEG8, PEG1, DLK1, IGF2R, and DNMT3b were as described in Lan et al. (2013) . Primers used to amplify DNMT3a and DNMT1 are shown in Table S1 . All samples were run in triplicate using the iQ SYBR Green Supermix kit (Bio-Rad Laboratories). The cycling conditions were 50°C for 2 min, 95°C for 10 min, and 40 cycles at 95°C for 10 s and 60°C for 30 s. The housekeeping genes β-actin (ACTB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and ribosomal protein L19 (PRL19) were tested across muscle tissue samples. The PRL19 gene was chosen for normalization as the internal control because it showed the smallest relative stability value M (the average of the pairwise variation when compared with the other control genes) across the muscle samples as described in Vandesompele et al. (2002) .
Statistical Analysis
Normalized gene expression values (ΔCt) were analyzed using a general linear model. The statistical model included the fixed effect of the treatment (with 2 levels: HS and LS) and the weight of the calf as a linear covariate. Association between the normalized gene expression and the treatment was tested using an F-test by comparing this model to a reduced model without the treatment effect. Gestation length data were not available and therefore were not included in the model. The mean and the range of the fold change for each gene were calculated as 2 -ΔΔCt using the estimated ΔΔCt value ± SE (Livak and Schmittgen, 2001 ). All analyses were performed using R language/environment (R Development Core Team, 2009).
RESULTS AND DISCUSSION
In beef cattle, location of adipose tissue has an impact on production efficiency and meat quality so that intramuscular adipose deposition is highly desirable for meat quality and can positively impact beef carcass value. Therefore, to improve production efficiency and meet consumer demands, there is a need to gain new knowledge on factors impacting muscle development and deposition of adipose tissue. Research in livestock indicates that maternal undernutrition during pregnancy reduces birth weight, growth, and postnatal survival (Wu et al., 2004; Funston et al., 2010) . Similarly, maternal overnutrition before or during pregnancy is associated with increased neonatal and fetal mortality in humans and livestock (Wu et al., 2004) . In previous studies, we have shown that late gestation maternal nutrition can impact postnatal body composition, insulin sensitivity, and growth rate in ruminants (Radunz et al., 2011a (Radunz et al., ,b, 2012 . For example, in a study of beef cattle, increased intramuscular fat content per unit of backfat was observed in calves from dams fed ad libitum hay compared with calves from cows limit-fed corn while calves from dams fed dried distillers grains were intermediate (Radunz et al., 2012) . Although these studies provide sufficient evidence that maternal dietary energy source can result in alterations in postnatal traits, the underlying mechanisms that trigger such responses have not been completely elucidated.
Therefore, given that maternal diet during pregnancy may have transgenerational effects mediated by permanent epigenetic alterations, some studies have focused on imprinted genes and DNMT genes to elucidate the molecular mechanisms by which the maternal intrauterine environment affects the fetal genome and epigenome. Indeed, early studies have shown that methyl group supplementation in the diet of pregnant mice led to increased methylation level of the Agouti gene and to subsequent changes in the coat color of the offspring (Cooney et al., 2001 ). However, most nutritional epigenomics studies have been reported in rats and mice (e.g., Gong et al., 2010) . In this study, we assessed the effect of nutrition of pregnant Anguscross cows on expression profiles of imprinted genes in the offspring generation.
Gene expression analysis of PEG1 and DLK1 in the offspring did not show significant differences between the maternal diets. However, expression level of H19 was 8.0-fold greater (P < 0.001) in calves from LS-fed dams vs. calves from HS-fed dams (Fig. 1) . Previous studies in the mouse and human have reported that H19 is expressed in fetal tissues and is repressed after birth (Pachnis et al., 1984; Goshen et al., 1993; Ariel et al., 1997) . In contrast, we found that H19 is expressed in several tissues in adult cattle including skeletal muscle (Khatib and Schutzkus, 2006) . These results supports our findings in sheep in which H19 was found to be highly expressed in semitendinosus muscle of fetuses from dams fed corn compared to fetuses from dams fed hay (Lan et al., 2013) . Nonetheless, the biological function of this gene remained largely unknown. A recent study from Dey et al. (2014) indicates that H19 plays a key role in the differentiation and regeneration of skeletal muscle through 2 microRNA that are encoded from exon 1 of the gene. Therefore, the elevated expression of H19 in the skeletal muscle of Angus offspring as a response to the HS diet of the dams implies an important role of this gene in muscle growth. It is possible that the elevated expression observed in longissimus dorsi tissue after maternal HS diet may play a role in shifting more energy to muscle growth.
Expression levels of IGF2R (P < 0.001) and MEG8 (P = 0.050) were also greater in calves from HS-fed vs. calves from LS-fed dams with 2.4-and 2.5-fold differences in expression, respectively (Fig.  1) . IGF2R plays a key regulatory role in cell differentiation and apoptosis by internalizing insulin-like growth factor 2 (IGF2) into the cell and transporting it to the lysosomes for degradation (Brown et al., 2009 ). Knockout of Igf2r in mice results in fetal overgrowth and neonatal lethality (Wylie et al., 2003) . Interestingly, it was found that loss of methylation on the DMR2 of IGF2R was associated with decreased gene expression in sheep preimplantation embryos (Young et al., 2001) . The authors concluded that epigenetic alterations in imprinted genes may lead to the large offspring syndrome observed in sheep (Young et al., 2001) . Furthermore, Micke et al. (2011) reported that the relative expression of IGF1, IGF1R, IGF2, and IGF2R in semitendinosus muscle were greater for mature male progeny born to heifers fed low-protein diets during the first trimester. The biological function of MEG8 is not known; however, given that the gene is exclusively expressed in muscle (Charlier et al., 2001) and that its expression in longissimus dorsi of calves after birth was associated with maternal diet type, e suggest that MEG8 has functional roles in fetal programming and muscle growth.
Altogether, these studies provide evidence that expression of imprinted genes is vulnerable to environmental factors that in turn could lead to gene expression changes and subsequent phenotypic changes. However, the mechanisms by which these environmental factors affect gene expression and epigenetic modifications are poorly understood. To better understand how nutrition can modulate epigenetic modifications in sheep, we recently tested the association between maternal diet and DNA methylation on DMR2 of IGF2R (Lan et al., 2013) . We found that maternal supplements that are rich in methyl group suppliers are associated with high expression and high levels of methylation of DMR2 of IGF2R in fetal tissues (Lan et al., 2013) . Furthermore, evaluation of the effect of maternal methionine supplementation before and until Day 7 after conception of Holstein cows on the transcriptome of preimplantation embryos revealed that a subtle change in methionine supplementation in maternal diet was sufficient to alter the expression of hundreds of genes in the Day 7 embryos .
Given that DNA methylation, which is catalyzed by DNMT, depends on the availability of AA that supply methyl groups, we hypothesized that maternal nutrition during pregnancy may alter the expression of DNMT in the offspring. DNMT3a showed greater expression in calves from corn-fed dams compared to calves from hay-fed dams (Fig. 1) . Expression of DNMT1 and DNMT3b was not different between calves from the 2 maternal diets. These results are consistent with previous studies of DNMT in sheep (Lan et al., 2013) , pigs (Altmann et al., 2012) , and rats (Gong et al., 2010) , which testifies to the universal functions of DNMT across species. Indeed, DNMT have essential roles in global DNA methylation; therefore, the altered expression of these genes in the calves as a response to maternal diet during pregnancy could point to their involvement in fetal programming (Altmann et al., 2012) . However, the specific genes influenced by alterations of DNMT expression changes are largely not known and require genomewide methylation studies. Therefore, future studies should focus on specific effects of DNMT on gene expression and the long-term effects of these genes on the animal performance.
In summary, the results of this study suggest that expression of imprinted genes and DNMT in offspring is influenced by the maternal nutrition during pregnancy. Furthermore, the consistency of the results with the previous results in sheep implies that imprinted genes may have functional roles in fetal programming and muscle growth in beef cattle.
LITERATURE CITIED
